Health risk assessment (HRA) has been recognized as a useful tool for identifying health risks of human activities. In particular, this method has been well applied to spatially defined units, such as a production plant, a treatment facility, and a contaminated site. However, the management strategies based on the risk information will be more efficient if the comprehensive picture of total risks from all kinds of sources is depicted. In principle, the total risks can be obtained when all risk sources are assessed individually. Apparently, this approach demands huge amount of efforts. This study develops a methodology that combines substance flow and risk estimation to facilitate examination of risk in a systemic way and provide comprehensive understanding of risk generation and distribution corresponding to flows of substances in the anthroposphere and the environment. Substance flow analysis (SFA) and HRA method is integrated to produce a systemic risk assessment method, from which substance management schemes can be derived. In this study, the chromium cycle in Taiwan is used as an example to demonstrate the method, by which the associated substance flow in the economy and the risk caused by the substance in the environmental system is determined. The concentrations of pollutants in the environmental media, the resultant risks and hazard quotients are calculated with the widely-used CalTOX multimedia model.
Introduction
Health risk assessment (HRA) involves identifying the potential of a risk source to introduce risk agents into the environment, estimating the amount of risk agents that come into contact with the human-environment boundaries, and quantifying the health consequence of exposure. HRA consists of four steps: hazard identification, exposure assessment, dose/response assessment, and risk characterization (NRC, 1983) . It entails the evaluation of the source, transport, fate, and exposure of chemicals of concern. The traditional risk assessment often focuses on examination of individual processes (see Fig. 1 ), such as emissions from factories (Newhook et al., 2003) , discharges from waste treatment plants , and contamination of hazardous sites (Ma, 2002) , and then evaluates relevant exposure pathways, which may involve water, air or food chain, to identify the risk posed by individual sources on human receptors. However, the risk caused by the contaminated air does not originate from a single chimney only, and the groundwater pollution does not result from a single factory only; but they are caused by all kinds of human activities. Independent assessment of individual risk sources may not lead to efficient resource allocation; management measures derived from the individual assessments may even result in risk transfer between problems. Therefore a comprehensive view demands the systemic consideration of the risks of multiple processes from all human activities.
Substance flow analysis (SFA) is used to characterize substance stocks and flows within and between the economy and the environment in a certain time period and for a certain region (Guin'ee et al., 1999; Brunner and Rechberger, 2003) . SFA is usually used to evaluate the environmental burdens at different stages related to specific substances' life-cycle. Many substance flows analyses have been carried out for various metals, including copper (Spatari et al., 2002 (Spatari et al., , 2005 van Beers et al., 2003; Graedel et al., 2004; Vexler et al., 2004) , cadmium (Van der voet et al., 1994; Lindqvist and von Malmborg, 2004; Hawkins et al., 2006) , zinc (Palm et al., 1996; Spatari et al., 2003; Graedel et al., 2005a, b) , silver (Johnson et al., 2005; Lanzano et al., 2006) , and lead (Palm et al., 1996) . Although SFA can estimate the flows for substances, it dose not provide information on the effect of the flows in the environment.
The flow of materials in the economy influences the flow in the environment. If the interflows between the economy and the environment are understood, the health impact from substances may be quantified through a systematic examination of the material flows. This study integrates the concept of SFA with HRA to establish a systematic and comprehensive risk assessment for the substance flows resulting from relevant processes at the substance's life stages from production to waste. The substance flow in the economy and the risk caused by the substance in the whole environmental system is determined by using the method. The chromium cycle in Taiwan is investigated as a case study.
Chromium in the environment
Chromium is widely used for various purposes. Chromium alloys have good performance in resisting acid aching and oxidation. Chromium-plated products have a mirror-like, brilliant surface. Ceramics containing chromium compounds can withstand high temperature and are called refractory. Chromium is also used in leather tanning, pigments, catalysts, etc. It is one of the most common contact allergy-causing substances for males in industrialized countries and is associated with occupational exposure to numerous materials and processes, including chrome plating baths, chrome colors and dyes, cement, tanning agents, wood preservatives, anticorrosive agents, welding fumes, lubricating oils and greases, Fig. 1 . The traditional risk assessment that focuses on individual processes. The traditional risk assessment often focuses on examination of individual process, and it is expected that the total risks can be obtained by considering all risk sources. Fig. 2 . The concept of integrating SFA and HRA. The flow of substances in the anthropogenic system and between this system and environmental system can be determined and then the transport and fate substances in the environment ant the resultant exposure and risk can be evaluated. The combination of SFA and HRA facilitates the examination of risk in a systematic way and deliveries a bigger picture. cleaning materials, textiles and furs (Polak, 1983; Burrows et al., 1990) .
Chromium exists in multiple valence states, with trivalent chromium Cr (III) being the most common, which is also an essential nutrient for humans and other species. Hexavalent chromium Cr (VI), the second-most stable state, has been determined to be a human carcinogen by the route of inhalation. Ingesting large amounts of Cr (VI) can cause stomach upsets and ulcers, convulsions, and kidney and liver damage (ATSDR, 2000) . Chromium is released into the environment in large amounts as a result of human activities, including air emissions from fuel combustion and metal industries, water discharges from Fig. 4 . The life stages type of chromium flow in Taiwan. electroplating, leather tanning, and textile industries, and soil contamination from disposal of Cr-containing waste and sludge (Fishbein et al., 1981) . Chromium has been found at 1036 of the 1591 National Priority List sites identified by the US EPA (ATSDR, 2000) . In Taiwan, chromium is the major pollutant at 140 of the 576 hazardous sites listed by the Taiwan EPA (Taiwan EPA, 2006a) . The issue of chromium contamination has made it rank fifth among the metals in the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) priority list of hazardous substances (ATSDR, 2005) .
Cr (VI) may exist in aquatic media as water-soluble complex anions and may persist in water. It is a strong, oxidizing agent and may react with organic matter or other reducing agents to form Cr (III), which will eventually be precipitated as Cr 2 O 3 ·-xH 2 O. Therefore, in surface water rich in organic content, Cr (VI) exhibits a much shorter lifetime (ATSDR, 2000) . Any Cr (VI) in the soil is expected to be reduced by organic matter to Cr (III). The primary processes through which the converted Cr (III) is lost from the soil are aerial transport through aerosol formation and surface water transport through runoffs (U.S. EPA, 1984) . Very little chromium is leached from the soil because it is present as insoluble Cr 2 O 3 ·xH 2 O (Fishbein et al., 1981) .
An integrated risk assessment methodology
Risk assessment has been recognized as a useful tool for identifying health risks of human activities. In particular, this method has been well applied to spatially defined units, such as a production plant, a treatment facility, and a contaminated site. Understanding the risk associated with an individual source is essential for designing measures to control the concerned source and related exposure pathways. However, the management strategies based on the risk information will be more efficient if the total risks from all kinds of sources are known. A comprehensive grasp of the risks from various activities can assist decision makers in allocating resources to manage the activities as well as avoid risk transfer between activities. In principle, the total risks can be obtained when all risk sources are assessed individually. Apparently, this approach demands huge amount of efforts. Another approach is based on substance management point of view. From this aspect, the flow of substances in the anthroposphere and between the human system and the environmental system should be sketched first. Then the transport and fate of substances in the environment and the resultant exposure and risk are evaluated. The combination of substance flow and risk assessment facilitates the examination of risk in a systemic way and provides comprehensive understanding of risk generation and distribution corresponding to flows of substances in the anthroposphere and the environment. This study attempts to integrate SFA and HRA method in order to produce an integrated environment risk assessment method, from which substance management schemes for reducing risks can be formulated. Fig. 2 illustrates the concept of integration.
Substance flow analysis
By characterizing substance flow in the economy and between human and environmental systems, SFA can identify important sources of hazardous substances released to waste streams and eventually, the environment. SFA frameworks have been defined in the literature (Baccini and Brunner, 1991; Van der Voet et al., 1999; Brunner and Rechberger, 2003) , and IN = OUT is a simple statement of the central paradigm of SFA (Kleijn, 1999) . The fundamental mass balance equation used in a system defined by temporal and spatial boundaries is as follows.
Two structures of substances flow are applied in this study. One is network type, and the other is life stage type.
Network type of SFA
The network type structure looks like a tree with branches extending from raw material to processed material, product and usage (see Fig. 3 ) (Ayres and Ayres, 1996) . Every material or product is a node in the network. Each node has several inputs and outputs. These inputs and outputs must balance. In other words, the flow rates leaving from ore material or product must match the flow going to its destinations. Substances travel through different paths and destinations. From main stem to leaves, the path divides more and more, implying that the usages (product) of substances become more diverse toward the end of substances' life stages.
For the network structure, the first work after determining the system boundary is to identify the commodities containing the studied substance and define which stage a commodity item belongs to according to the life of the substances. Second, the interflows between commodities at different stages are evaluated by balancing the outputs with the inputs. Third, estimate how much material is released into the environment through various paths. These paths and flow rate estimations are discussed in the next section. Note that the outputs include material losses as pollution in every industrial process. These losses must be taken into the balance.
Life stage type of SFA
The life stage structure of SFA includes stages of ore mining, refined material, finished product, usage, and waste. Each stage includes various types of substances-containing commodities. The inputs and outputs of commodities belonging to the same life stage is combined together to form a main current (see Fig. 4 ). Compared with network structure, it is less complex because commodities of the same stage are deemed as a system unit. It describes how substances are transformed from ore to product and waste. The mass balance of each life stage of a substance within a system identified by temporal and spatial boundaries (the temporal boundary is 1 yr and the spatial boundary is the Taiwan island in the case study is described as follows:
Stage 1 -raw material stage: The losses from industrial processes include air emissions, wastewater effluents, solid waste and sludge. The waste management processes involve landfilling and incineration of materials and products, taking into account of the associated releases to the environment.
The releases of substances into the environment

Air emissions
The industrial emissions into air can be estimated by the emission factor method (EF). The method assumes that the emission amount is proportional to the magnitude of industrial activities in an ideal condition. The magnitude has several definitions which must correspond to the EF. The EF corresponding to raw material consumption rate is used in this study; and therefore the unit of EF is kg emission/ton raw material. The EF information is derived from the U.S. EPA document (U.S. EPA, 1984) and survey of Danish EPA (Danish EPA, 2003) .
The main air emission sources in the chromium cycle are the production processes of ferrochrome, stainless steel, and refractory, and the processes of waste incineration and coal and fossil fuel burning. The flow rates are estimated by the following equations:
Surface water discharges
The estimation of effluent into water is difficult. It costs too much to monitor all effluent sources. The alternative method is to compare concentrations of substances in water bodies with background concentrations.
In a polluted river, all Cr effluents are collected near the estuary except for some that were caught by sediments or drawn out for certain usages such as irrigation. If the Cr flow in the watershed has reached a steady state, a phenomenon that will appear is that the quantity of Cr discharged into the water will equal that which instills into the sea. Although the real condition is not a steady state, the Cr discharged into the sea will roughly reflect that discharged into the watershed. The Cr carried by water flow is estimated as follows:
Soil releases
The release of Cr into the soil includes consideration of incineration ash, landfilled waste, and industrial sludge. The method can be estimated through multiplying the weight of the waste and its Cr content. The data can be derived from the Taiwan EPA registered waste information (Taiwan EPA, 2006b ).
The data source of industrial sludge is obtained from the Taiwan EPA, and the industrial sludge is divided into 19 categories. Each kind of sludge contains several heavy metal constituents, for example, chromium, copper and lead. Because of limited information on the contents of specific metals, the quantity of Cr in industrial sludge is approximated as follows:
The total amount of Cr in the registered sludge can then be summed as follows:
Risk assessment modeling
After the substance flow for each process has been determined by SFA, HRA can then be used to calculate the risks for all the processes related to the substance. In this study, the concentrations of pollutants in the media, resultant risk, and hazard quotients are calculated with the widely-used CalTOX (v4.0) multimedia risk assessment model, developed for the U.
S. California EPA (DTSC, 1993) . The model combines multimedia transport and transformation modeling of pollutants in the environment and multiple pathway exposure modeling. This model is chosen because it is suitable for modeling regional environmental transfer between environmental media. The environment is separated into several compartments, including air, plants, surface water, ground water, sediment, ground-surface soil, root-zone soil, and vadose-zone soil.
The valence of chromium changes with the environmental conditions (redox potential and pH value). If the environment is under higher oxidation potential or pH, Cr (III) tends to be transformed to Cr (VI), which is more toxic. Because of difference of toxicity, the risks of Cr (VI) and Cr (III) must be estimated separately and then are summed to give a total Cr risk. For Cr in ambient air, Canadian studies (Government of Canada, 1994) show that Cr (VI) accounted for between 3% and 8% of the total chromium in ambient air with the remainder in Cr (III) form. Therefore, this study takes 6% as the portion of Cr (VI) in ambient air. In water, the soluble chromium compounds are Cr (VI), but some Cr (VI) are reduced to Cr (III). The Cr (III) becomes insoluble sediment. In this study, all the Cr contents of rivers are set as soluble Cr (VI) forms. In soil, Cr (VI) is easily reduced to Cr (III), because organic compounds tend to be oxidized by Cr (VI) (ATSDR, 2000) . Generally, people intake chromium from the soil through organisms (food) or dust, which comes from the ground surface, where there is an abundance of organic matter. Therefore, it is acceptable to assume that all Cr uptakes from soil are Cr (III). In addition, the release rate of Cr from the solidified sludge is estimated 5% based on a leaching test (Taiwan EPA, 2002 ).
Cancer risk is characterized using lifetime excess cancer risk estimates to represent the excess probability of developing cancer over a lifetime as a result of exposure to the substance of interest. Lifetime excess cancer risk estimates are the product of the average daily dose (ADD) for a receptor group and the corresponding cancer slope factor. The cancer slope factor is derived from either human or animal data and is taken as the upper bound on the slope of the dose-response curve in the lowdose region, generally assumed to be linear, expressed as a lifetime excess cancer risk per unit exposure. The ADD can be calculated as follows:
Noncancer risk is characterized through the use of hazard quotients (HQ), which are computed by dividing an average daily dose by a reference dose (RfD). The reference dose represents a Note: the life stages 1, 2, and 3 refer to ore, material, and product stages, respectively. "no-effects" level that is presumed to be without appreciable risk from chronic exposures over a lifetime. An HQ establishes whether a receptor has experienced exposure above or below a threshold of concern for a specific health effect (U.S. EPA, 1999).
Estimated chromium flows in Taiwan
The case studied is the chromium flow in Taiwan Some information needed in our network is lacking. Some commodities are recorded as the summation of one category in which not all commodities contain Cr. Yet the data do not indicate the percentage of Cr-containing commodities. It is also probable that some illegal imports may have not been counted in the database. Faced with these problems, what we could use is the mass balance principle for checking. In an ideal situation (no accumulation in the stock; all materials are either exported or fabricated in the year), the summation of all inputs must balance with the outputs. With the help of mass balance checking, some flow direction without data can be evaluated, and certain data errors can be identified. Table 1 1shows input, export and production quantities of various chromium commodities in Taiwan. There is no ore mining of chromium in Taiwan; all the chromium ores are imported. Crcontaining commodities are categorized into three main life stages-ore, material, and product. Ferrochrome accounts for 68.44% of the total imports. On the other side, stainless steel dominates 92.3% of the total export. Both ferrochrome and stainless steel are important metallurgy industry materials. Therefore, monitoring and controlling the flows into the metallurgy industry is essential to chromium resource management. These flow rates are fed into the substance flow network. The results are shown in Fig. 3. Fig. 4 shows the life stage type of chromium flows in Taiwan.
Several supplies and consumptions do not match. If the sum of the consumptions of the material to be produced is greater than the material supplied from the father node, there should be something incorrect in the data. Perhaps the data of Cr composition are not accurate for some commodities, or the supplied materials are not all registered in the statistics, or that some recycled or reused material has substituted for part of the supply. The amount of recycled stainless steel is estimated by this insufficient supply because the statistic of recycled stainless steel data was not available in 2002. If the supply is greater than consumption, there may be minor consumption that is not considered. The following indicators provide the aggregated information of chromium flow: Domestic Material Input (DMI) = Import = 328845 t Domestic Material Consumption (DMC) = Import − Export = 157196 t Net Additional to Stock (NAS) = Import − Export − Release to Environment (Ash from incineration + Landfill + effluents to surface water + industrial sludge + emission) = 65227 t Domestic Processed Output (DPO) = DMC − NAS = 91969 t Domestic Material Output (DMO) = DPO + Export = 263618 t
The risk of the chromium flows in Taiwan
Chromium in the environment
There are several main sources by which chromium is released into the air, including ferrochrome production, refractory production, stainless steel production, coal and fossil fuel burning, and incineration. The emission factors and the amount of emissions of these chromium release sources are displayed as Table 2 . The sum of flows that can be estimated for the air is about 2012 t. For surface water, the Cr (VI) concentrations range from 0.012 to 0.646 mg/L in the 16 rivers that are significantly polluted. These rivers are mostly located at the middle or south of the west coast. These Cr-containing effluents originate from the upriver area where there are dense plating, dying, leather tanning, and waste metal processing factories. The total Cr flow into surface water is estimated about 942 t. Four paths of releasing Cr into the soil are considered. These are fly ash and bottom ash from incineration, solidified industrial sludge, and municipal solid waste that is landfilled directly without incineration. The amount of bottom ash and fly ash in Taiwan in year 2002 is 9.03 × 10 5 t and 1.88 × 10 5 t, respectively. The concentration of Cr in bottom ash and fly ash is 207 mg/kg and 115 mg/kg, respectively. The quantity of waste treated by direct landfilling is 6.72 × 10 6 t. The total Cr into the soil is estimated about 89015 t. Table 3 shows the concentration of Cr and water content of different kinds of sludge. Table 4 summarizes the main bulk flows. The intermedia transfer of Cr among various environmental media is shown in Fig. 5 , based on a steady state assumption. In other words, it is assumed that there are no stocks or accumulations in the early three stages. For a large, long-term scale, it is acceptable to assume that, in the manufacturing process, the material transforms down into the next stage very fast (weeks or months), but a finished product may be used for years before it is discarded as waste.
Risk characterization
Tables 5 and 6 display the landscape and exposure parameters used in CalTOX in this study. The cancer risk and the HQ resulting from the total Cr flow are calculated as 7.6 × 10 − 6 and 6.2, respectively. Although with uncertainty discussed later, the result suggests that people in Taiwan may be under the threat of chromium health risk. It is of even greater concern if the underground release of Cr reaches an amount that cannot be ignored. To reduce the risk, the flow in the economy and the interflow between the economy and the environment should be controlled. Management measures include improvement of industrial processes to reduce use or consumption of Cr and utilization of more effective technologies to reduce emission, release, and discharge of Cr into the environment. If only a single release medium is considered, it can be backcalculated that the loading corresponding to risk of 10 − 6 is 2.64 × 10 5 kg/yr of air emissions of Cr, or 8.86 × 10 9 kg/yr of soil releases of Cr. The loading corresponding to HQ of 1 is 5.01 × 10 5 kg/yr of air emissions of Cr, or 4.48 × 10 8 kg/yr of soil releases of Cr.
Regional redistribution
The environmental flows in the model seem like a bulk flow which is distributed over any spots of Taiwan. The simulation result indicates an average value of risk and hazard quotient for Taiwan. However, the reality is that some areas may be faced with greater risk than the estimated average value and some areas lower. Although the big picture of risk associated with the substance flow has been depicted, it is of greater help if the areas with highest risk potential can be located. To do so, regional substance flow is required to characterize the regional differences of the risk. In this study, the administration division (county or city) is chosen as the smaller spatial unit because of its data accessibility. However, the data for the administration divisions are not as complete as those of the national scale.
Under the situation that the data is not sufficient to estimate the substance flow in the administration zones, the bulk flow has to be divided and assigned to the administration divisions. Some simplified assumptions are made in this case. First, there is no interflow between divisions; each division is seen as an independent system. Second, the flows are in proportion to the economy scale, corresponding to population, resource consumed, energy consumed, product (power) generated, or size or number of factories (plants). Table 7 shows the distribution of various chromium-relating industrial sources among the administrative divisions in Taiwan. The calculated flow described in Section 5.1 is redistributed to the administrative divisions according to the distribution of these source activities. A further simulation of the regional risk resulting from the bulk flow redistribution produces the results shown as Fig. 6 . The divisions with deeper color are the areas with higher health risk. It is found that the areas with high chromium risk potential concentrates on the western part of Taiwan, because − 5 and 4.8 × 10 − 5 in terms of carcinogenic risk, respectively; 55 and 37 in terms of HQ, respectively), because Kaohsiung City has the highest density of stainless steel factories and the second highest density of refractory factories; Taoyuan County has the largest number of stainless steel factories.
Discussion of errors
The result is not exactly the real situation but rather is an approximate image of the reality. Mostly due to limitation of data availability and assumptions made in this study, there are errors associated with the assessment results. The source of errors includes the following:
(1) Unregistered or missing data: some commodities are not forced to register in detail and cannot be found in the statistics, and some illegal operations of Cr-containing materials may have taken place. The real substance flow rate may thus be higher than the estimated flow rate. (2) Measurement errors: measurement is involved in quantifying water flow, concentrations of Cr in water bodies and ash, and release of Cr from landfilled waste and solidified sludge. It is not clear whether measurement errors lead to over-or under-estimation. (3) Use of data transferred from other nations: several parameters needed to calculate the substance flow are not available, so data in the literature that have been developed for different nations are used, including air emission factors, chromium contents in several commodity items, and chromium speciation in the environment.
(4) The simplifications and assumptions made in the modeling method: model and parameter uncertainty associated with the use of CalTOX risk assessment model will Table 7 The distribution of different chromium-related industrial sources among the administrative divisions in Taiwan contribute to the total errors. In addition, the distribution of substance flow among the administrative divisions is based on the assumptions of flow's proportionality with industrial activities and independence between divisions.
A preliminary sensitivity analysis conducted for the CalTOX model used in risk calculations shows that the most sensitive parameters of influencing the risk estimations are the following: evaporation of water from surface water, annual average precipitation, contaminated area, breathing rate, and fruit and vegetable intake rate. The sensitivity analysis is calculated as the relative change of risk (ΔY / Y) in reaction to a change of parameter (ΔXi / Xi). In order to examine the uncertainty systematically to identify key sources of uncertainty and deliver complete risk information, it is suggested that the statistical distributions of the input variables and parameters be determined and then the Monte Carlo simulations be performed to derive the uncertainty distribution of the risk estimates.
Conclusions
This study has demonstrated an integrated risk assessment method. Integration of SFA and HRA enables the system boundary of HRA to be expanded from single process to multiple processes. The integration of the two analysis methods conveys a bigger picture than the traditional risk assessment does and brings out additional information that is valuable for efficient substance management. The total risks resulting from the substance cycle can be sketched, and the sources, activities, and paths related to the life stages of a substance that plays key roles to the resultant risk can be identified. The substance management can be designed more efficiently when such a comprehensive understanding of risk is obtained.
Although the data requirements required in this approach are relatively less than those required if the traditional approach is used to assess the risks of individual sources and the to obtain the total risks by aggregating risks from all kinds of sources, there is still a lot of information needed. The data regarding the substance-containing commodities statistics, the compositions of concerned substances in the commodities, and the residence time of commodities in the economy, and the emission and discharge characteristics from the life stages of the commodities should be made more accurate and complete. The present study is dedicated to presentation of the systemic methodology; in the future proper uncertainty analysis may be conducted to facilitate planning of information collection. The amount of the ith type of registered sludge (t) X Cr (Cu,Pb) 0, otherwise 1; if CrðCu; PbÞ contained in sludge f
